ABSTRACT Mono -["25I]iodo-a -bungarotoxin -receptor complexes extracted from chick myotube cultures as well as from adult denervated extensor digitorum longus muscles of the mouse have been banded at their buoyant density in gradients of metrizamide-deuterium oxide. When cultures or denervated adult muscles are preincubated in media containing 2H-or '3C-substituted amino acids under conditions of active receptor accumulation, the mono[l25Iiodo<-abungarotoxin-receptor complexes have an increased buoyant density and band in a position of higher density in the gradient relative to a marker of mono-l'lIjiodo-a-bungarotoxin-receptor complexes extracted from cells preincubated in normal media. It is concluded that the accumulation of receptors on the surfaces of cultured chick myotubes and on the nonsynaptic surfaces of extensor digitorum longus muscles following denervation are the result of de novo synthesis. Unfortunately the AcCh receptor represents on the order of 1 part in 105 of cell protein in cultured chick skeletal muscle. Thus, complete purification of receptors (which is an essential step in confirming the degree of labeling when radioactive precursors are used) would be a very laborious undertaking and to do careful kinetic analysis would require ,quantitatively reproducible isolation of labeled receptors from many cell preparations. Thus, an alternative method of labeling was tried: using metabolic precursors containing stable isotopes of carbon or hydrogen, which, when incorporated into receptor protein, would yield receptors of altered buoyant density. The density-shift of newly synthesized receptors can be detected by equilibrium density gradient sedimentation without the necessity of purifying the receptors. In this report we present the density shift method for receptors and confirm that new AcCh receptors appearing in cultured chick muscle are the result of de novo synthesis.
complexes extracted from cells preincubated in normal media. It is concluded that the accumulation of receptors on the surfaces of cultured chick myotubes and on the nonsynaptic surfaces of extensor digitorum longus muscles following denervation are the result of de novo synthesis.
During myogenesis acetylcholine (AcCh) receptors accumulate in the plasma membranes of myotubes and the myotube surface becomes quite sensitive to extracellular AcCh (1, 2) . This accumulation results since the rate of incorporation of receptors into the plasma membrane is greater than the rate of receptor degradation (3) . In developing tissue cultured chick skeletal muscle in addtion to the net increase in receptors, there is a replacement of several percent of cell surface AcCh receptors each hour (3) . These observations on AcCh receptor accumulation and turnover are based upon studies using a-bungarotoxin and radioactive derivatives of a-bungarotoxin to label AcCh receptors.
While the use-of a-bungarotoxin as a probe for AcCh receptors makes possible many experiments which cannot be done quantitatively by any other means and while there is good evidence that a-bungarotoxin does not significantly perturb AcCh receptor metabolism, there were several important reasons for attempting to label AcCh receptors directly with labeled amino acids. First, it was worthwhile to establish that the new receptors appearing on myotube surfaces after a-bungarotoxin blockade are, indeed, the result of de novo synthesis as inhibitor studies had suggested (3, 4) . Second, there is evidence from kinetic analysis (and subcellular fractionation) that AcCh receptors are incorporated into some internal membrane system immediately after synthesis and that this intracellular pool of receptors can supply the cell surface with new receptors for about [2] [3] Unfortunately the AcCh receptor represents on the order of 1 part in 105 of cell protein in cultured chick skeletal muscle. Thus, complete purification of receptors (which is an essential step in confirming the degree of labeling when radioactive precursors are used) would be a very laborious undertaking and to do careful kinetic analysis would require ,quantitatively reproducible isolation of labeled receptors from many cell preparations. Thus, an alternative method of labeling was tried: using metabolic precursors containing stable isotopes of carbon or hydrogen, which, when incorporated into receptor protein, would yield receptors of altered buoyant density. The density-shift of newly synthesized receptors can be detected by equilibrium density gradient sedimentation without the necessity of purifying the receptors. In this report we present the density shift method for receptors and confirm that new AcCh receptors appearing in cultured chick muscle are the result of de novo synthesis.
In normally innervated adult skeletal muscle AcCh receptors are located almost exclusively in the region of the neuromuscular junctions, but, following denervation, AcCh receptors accumulate in extrajunctional membranes (5) (6) (7) . This accumulation is dependent upon RNA and protein synthesis (8) (9) (10) and results in a many-fold increase in total muscle AcCh receptors (11) . Both of these observations suggest that these receptors are synthesized de novo following denervation. Recently, Brockes and Hall (12) reported a 600-fold purification of AcCh receptors from rat diaphragm, demonstrated the incorporation of [35S]methionine into this partially purified material, and showed that a portion of this radioactive material from denervated (but not from control) muscle behaved like AcCh receptors when subjected to velocity sedimentation in sucrose gradients and to isoelectric focusing. They concluded that the extrajunctional AcCh receptors appearing in adult muscle after denervation are the result of de novo synthesis. In this report we confirm this conclusion by demonstrating that AcCh receptors appearing after denervation of mouse extensor digitorum longus muscles are of greater than normal buoyant density when the denervated muscle is supplied with deuterium-labeled amino acids.
METHODS
Chemicals. The preparation of iodinated derivatives of a-bungarotoxin has been described previously (13) . Ninetyeight percent 2H or 80% '3C-substituted amino-acid mixtures were purchased from Merck, Sharp and Dohme of Canada Ltd., Pointe Claire, Canada. The mixtures, dissolved in H20, were passed through Amicon UM-2 filters (Amicon Cell Culture and Media. Techniques of culture and preparation of media for both embryonic myotubes and adult muscle have been described (3, 9) . F12 and Fli media were prepared as usual except that all the amino acids but asparagine, tryptophan, glutamine, and cysteine were replaced by 500 mg/liter of 2H-or 13C-substituted amino-acid mixture from Merck, Sharp, and Dohme. Horse serum and embryo extract were dialyzed exhaustively against Hanks' balanced salt solution. Mouse extensor digitorum longus muscles were cultured in a Trowell medium in which all amino acids were replaced by 500 mg/liter of 2H-substituted amino-acid mixture.
Density Gradient Centrifugation. a-Bungarotoxin-receptor complexes were banded in spontaneously formed or preformed metrizamide-D20 gradients. For spontaneously formed gradients, the sample in 2.0-2.5 ml of 1% Triton X-100, 10 mM Tris.HCl, pH 7.8, was layered over 3.0 ml of 60% weight/volume metrizamide-D20 in a polycarbonate centrifuge tube. Gradients were formed by 4 days of centrifugation in a no. 40 Beckman rotor at 33,000 rpm at 200. The shape of the gradient has been determined by measurement of refractive index and is approximately linear throughout the region where receptors band (1.8 g cm-3). It has been found that preformed, shallow gradients can be maintained in metrizamide-D20 (14) when centrifugation is carried out for shorter periods. Macromolecules can be sedimented rapidly through such shallow gradients to their density positions. Preformed gradients were prepared by forming step gradients which quickly become linear. The following solutions (0.95 ml) were poured sequentially into polyallomer tubes: 40%, 35%, 30%, 25%, 20% weight/weight metrizamide-D20. The sample in 1% Triton X-100, 10 mM Tris.HCl, pH 7.8, was layered in a thin band (300 MI) over the 20% step. Centrifugation was carried out at 58,000 rpm in a Beckman SW65 rotor or at 48,000 rpm in an SW50.1 rotor for 15 hr at 40.
Preparation of a-Bungarotoxin-Receptor Complexes.
Myotubes-Myotubes (after labeling of receptors with abungarotoxin) were swelled in hypotonic solution (10 mM TrisHCI, pH 7.8) at 40 for 5 min. Cells were then scraped from the plate and homogenized in 10 mM Tris-HCI, pH 7.8, at 0°by 10 strokes of a Dounce (pestle B) homogenizer. The homogenate was centrifuged at 27,000 X g for 60 min, which sediments all the a-bungarotoxin-receptor complexes.
The pellet was extracted in 1% Triton X-100, 10 mM Tris. HCI, pH 7.8, on a vortex mixer and recentrifuged at 27,000 X g for 10 min. The clear supernatant contains about 95% of the original a-bungarotoxin-receptor complexes formed on the myotube surface. These samples were transferred directly to metrizamide-D20 gradients. Extensor Digitorum Longus Muscles-After labeling with a-bungarotoxin, groups of 10 extensor digitorum longus muscles were homogenized in 5 ml of 1% Triton X-100, 10 mM Tris-HCI, pH 7.8, at 00 in a ground glass homogenizer and centrifuged at 10,000 X g for 10 min. The supernates were concentrated by ultrafiltration through an Amicon XM-50 filter and were layered in thin bands on linear 5-20% weight/volume sucrose gradients where the solvent system was 1% Triton X-100, 10 mM Tris-HCl, pH 7.8. Centrifugation was carried out in a Beckman SW 50.1 rotor for 6 hr at 48,000 rpm at 20°. 10S peaks (a-bungarotoxin-receptor complexes), usually 60% of the distance through the gradient, were collected, reconcentrated on XM-50 filters, and transferred to metrizamide-D20 gradients.
Radioisotope Counting and Analysis. Two to four drop fractions from gradients were collected into vials and mixed with 3.5 ml of scintillation cocktail (3). Samples were counted for both isotopes simultaneously on a Packard Scintillation Spectrometer. After correction for crossover between the channels, the raw data for 125I and 131I were plotted separately. Approximately equal activities for the two isotopes were loaded onto the density gradients so that corrections for crossover would be accurate. Smooth curves were drawn through each of the bands and the data were normalized to the peak of the smooth curve. The normalized data are plotted together in the figures.
RESULTS
Since an analysis of the kinetics of interaction of a-bungarotoxin with intact chick myotubes and of the production of acetylcholine receptors in these cultures was available (3), a strategy was devised to examine only those receptors which were likely to be newly synthesized after introduction of labeled amino-acid precursors.
Cultures of myotubes were incubated with 1 ,ug/ml of unlabeled a-bungarotoxin from the fourth to fifth day in culture. After 16 hr the culture medium was switched to medium containing 2H-or 13C-amino acids but still containing 1 ,ug/ml of unlabeled a-bungarotoxin. After 4 hr of of preincubation with 2H-or 13C-substituted amino acids, the unlabeled a-bungarotoxin was rinsed from the cultures and the cultures were incubated for an additional 2 hr in medium free of a-bungarotoxin but still containing the 2H-or 13C-amino acids. During the final 30 min of incubation the newly incorporated receptors were saturated with 0.2 Mig/ml of mono-[125I]iodo-a-bungarotoxin. Unbound a-bungarotoxin was rinsed away and the mono-['25I]iodo-a-bungarotoxin-2H-or 13C-receptor complexes were extracted from a crude membrane pellet prepared from the myotubes (see Methods). This extract was mixed with a similar extract of myotubes grown in normal medium and labeled with 0.2 ,ug/ml of mono-['311]iodo-a-bungarotoxin for 30 min, which served as a marker for the position in the density gradient of normal a-bungarotoxin-receptor complexes. The mixture was then centrifuged through a preformed metrizamide-D20 density gradient (see Methods). As shown in Fig. 1 , in myotubes incubated with either 2H-or 13C-amino acids newly incorporated receptors have a greater buoyant density than normal receptors and band in a position of higher density in the gradient. The shift in density for 2H-labeled receptors is approximately 0.006 g cm-3 and for 13C-labeled receptors is approximately 0.0045 g cm3. Several control experiments have been performed and will be briefly described below. (a) The experiment in Fig. 1 illustrates the shift produced by a 6 hr incubation with 2H-or 13C-amino acids. Incubation for 4 hr or 12 hr produces similar shifts, while shorter incubation produces smaller shifts. (b) The small shift produced by a 3 hr incubation is not observed if 6 ,ug/ml of puromycin is included in the 2H-amino acid containing incubation medium. each extracted from cultures grown in normal medium, are banded together no shift is observed. (e) Neither the rate of new receptor incorporation nor receptor degradation is affected by incubation of myotubes with 2H-or '3C-amino acids for at least 12 hr.
Since 2H-or 13C-amino acids could be incorporated into receptors in myotube cultures, this technique was used to test whether the receptors which appear on extrajunctional surfaces of adult muscles following denervation are also the result of de novo synthesis. Ten mouse extensor digitorum longus muscles were removed 3 or 6 days after denervation (in separate experiments) and transferred to organ culture in a medium containing both 2H-amino acids and 2 ,g/ml of unlabeled a-bungarotoxin. After 3 hr of incubation unlabeled a-bungarotoxin was removed by five 15-min washes with culture medium still containing 2H-amino acids. The muscles were then cultured for 16 hr in medium containing 2H-amino acids. During the final hour of the incubation 2 Mg/ml of mono-[125I]iodo-oz-bungarotoxin plus 5 mg/ml of bovine serum albumin were added to the medium. The muscles were then rinsed to remove unbound radioactivity and the mono-[125I]iodo-a-bungarotoxin_2H-receptor complexes were prepared as described in Methods.. These partially purified receptors were mixed with mono-[1311]iodoa-bungarotoxin-'H-receptor complexes prepared in a similar manner from denervated muscles which had not been organ cultured in 2H-amino acids. Receptors in the mixed extract were banded in a spontaneously formed metrizamide gradient (see Methods). Fig. 2 shows the results from 6 day denervated muscles; similar results were obtained from 3 day denervated muscles. A small but significant density shift was detected; complexes from muscles incubated in 2H-amino acids band at a position of higher density than normal supplied with amino acids incorporated these amino acids into the acetylcholine receptor. Newly synthesized receptors which have incorporated 2H-or 13C-amino acids have a slightly greater buoyant density than normal receptors when both are examined as a-bungarotoxin-receptor complexes on metrizamide-D20 density gradients. It is concluded that the receptors appearing on the surfaces of these cells are the result of de novo synthesis. It has been shown (3) that myotubes contain a pool of presynthesized receptors which can supply the surface for about 2-3 hr in the absence of new protein synthesis. This is consistent with the observation that 4-6 hr are required for the shift in receptor density produced by 2H-or '3C-amino acids to reach a maximum, steady-state value. The small shift observed after short incubation times may involve two components which are not resolved. That is, the peak may consist of presynthesized receptors which are not density shifted and newly synthesized receptors which are shifted. Detailed observations of the kinetics of incorporation of 2H-and '3C-amino acids during the first 4 hr will be presented elsewhere.
It is conceivable that the density shift is not produced by de novo receptor synthesis but by de 
